Introduction
HIV-1 infection leads to progressively rising viremia, loss of CD4 + T cell counts, and clinical symptoms of immunodeficiency in the vast majority of untreated individuals; however, a small proportion of patients maintain undetectable levels of viral replication in the absence of antiretroviral therapy (1, 2) . These individuals, termed elite controllers, have moved into the center of current efforts to identify correlates of immune protection against HIV-1, but the mechanisms responsible for undetectable HIV-1 viremia in these patients remain unresolved. HIV-1-specific CD8 + T cells from elite controllers have specific cytotoxic (3), proliferative (4, 5) , and cytokine secretion (6) properties and are effective in restricting HIV-1 replication in in vitro tissue culture experiments (7, 8) , but they are not a sufficient, and sometimes not even a necessary, component of effective immune activity against HIV-1 in vivo (9) . Although the major genetic determinants of HIV-1 control have recently been shown to relate to specific amino acid polymorphisms in the HLA-B binding cleft (10) , these account for less than 25% of the variability in viral load (VL), further suggesting that mechanisms other than T cell-mediated immune activity play a role in HIV-1 immune defense in elite controllers. Broadly neutralizing antibodies seem to have limited activities in elite controllers (11) , and the continuous selection of escape mutations in targeted epitopes is likely to further limit their antiviral effects.
In addition to adaptive immune responses against HIV-1, intrinsic mechanisms that restrict HIV-1 replication in CD4 + target cells might play an important role in mediating resistance to HIV-1 infection in elite controllers. Several prior studies have demonstrated that CD4 + T cells from elite controllers are generally permissive to HIV-1 infection and that they can harbor pathogenic, replication-competent virus in vivo (12) (13) (14) . Moreover, after in vitro activation, CD4 + T cells from elite controllers are capable of supporting productive HIV-1 infection (13, 15) , but prior experimental procedures, particularly when involving vigorous in vitro activation of cells, may have been insufficiently sensitive to detect intrinsic resistance mechanisms that restrict HIV-1 replication by altered expression patterns of host genes.
Notably, a panel of different human proteins has been identified that can modulate the cellular susceptibility to HIV-1 infection by interfering with different steps of the viral replication cycle (16) . p21 (encoded by CDKN1A; also known as wif-1 and cip-1) belongs to this class of proteins and functions as a potent inhibitor of cyclin dependent kinases, a group of host enzymes required for effective replication of HIV-1 and other viruses (17, 18) . Recently, p21 has been shown to be able to modulate the efficacy of HIV-1 replication in human macrophages (19) and hematopoietic stem cells (20) . In this study, we demonstrated an intrinsic partial resistance of CD4 + T cells from elite controllers to HIV-1 infection that is mediated, at least in part, by strong and selective upregulation of p21 in CD4 + T cells from these patients. These results identified what we believe to be a novel cell-intrinsic mechanism of immune protection to HIV-1 infection in elite controllers that might offer new approaches for enhancing host resistance to HIV-1 infection.
Results

Reduced susceptibility of CD4 + T cells from elite controllers to HIV-1 infection. Prior studies have shown that in vitro activation of CD4
+ T cells from HIV-1 elite controllers can support replication of HIV-1 isolates; however, many of these studies used high viral inoculums and robust, PHA-mediated activation of CD4 + T cells, which may not appropriately reflect physiological HIV-1 infection conditions (12, 13) . To further define the relative susceptibility of CD4 + T cells from elite controllers to HIV-1 infection, we performed ex vivo infection assays using CD4 + T cells from elite controllers (viremia undetectable by commercial assays; median 843 CD4 + T cells/μl, range 188-1,437 cells/μl) and reference cohorts of individuals with viremic control (median VL 259 copies/ml, range 49-2,170 copies/ml; median 775 CD4 + T cells/μl, range 465-1,571 cells/μl), progressive HIV-1 infection (median VL 145,000 copies/ml, range 14,000-750,000 copies/ml; median 304 CD4 + T cells/μl, range 6-701 cells/μl), or no HIV-1 infection at all. Activated populations of CD4 + T cells were generated by 5-day in vitro culture with exogenous IL-2 and anti-CD3/CD8 bispecific antibodies, which stimulate CD4 + T cells by TCR triggering (21) while simultaneously deleting CD8 + T cells; this procedure resulted in a homogenous population of CD3 + CD4 + cells with an activated effector memory phenotype (HLA-DR + CCR7 -CD45RA -; >97.5%) with essentially no detectable CD3 + CD8 + cytotoxic T cells (<0.1%), regardless of the patient cohort. Subsequently, cells were infected with primary X4-tropic isolate (92HT599; MOI 0.1) or R5-tropic HIV-1 isolate (91US056; MOI 0.001); viral replication was subsequently analyzed by p24 ELISA assays on day 7 after infection.
Using these activation and culture conditions, we consistently observed substantially less p24 production in CD4 + T cells from elite controllers compared with HIV-1-negative persons and HIV-1 progressors ( Figure 1A) . Infection of CD4 + T cells from viremic controllers also resulted in lower levels of p24 production compared with HIV-1-negative persons or HIV-1 progressors, although differences were more modest. Significantly lower p24 antigen production in elite and viremic controllers compared with HIV-1-negative persons and HIV-1 progressors was similarly observed on days 3 and 5 after infection (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI44539DS1).
Figure 1
Reduced susceptibility of CD4 + T cells from elite controllers to HIV-1 infection. (A) p24 antigen production in activated CD4 + T cells from elite controllers (EC), viremic controllers (VC), HIV-1-negative persons (HIV-), and HIV-1 progressors (Prog) after exogenous HIV-1 infection with the X4-tropic primary isolate 92HT599 and the primary R5-utilizing strain 91US056. Data were obtained on day 7 after infection; similar patterns of p24 antigen production were observed on days 3 and 5 after infection (Supplemental Figure 1) . Baseline p24 levels in autologous cells without exogenous HIV-1 infection were subtracted as background. Significance was tested using Mann-Whitney U test. To further investigate the susceptibility of CD4 + T cells from elite controllers to HIV-1, we performed ex vivo infection experiments using an alternative set of X4 (NL4-3)- and R5 (Ba-L)- tropic HIV-1 isolates encoding GFP, which allowed for monitoring of HIV-1 replication on a single-cell level by flow cytometry. After ex vivo activation of CD4 + T cells using the previously described technique, we observed that infection with these isolates at MOI 0.01 resulted in significantly higher proportions of GFP + CD4 + T cells in HIV-1-negative persons compared with elite controllers (Figure 1 , B-E), consistent with our initial findings of reduced p24 antigen production in CD4 + T cells from these patients.
In line with other studies (22), we found that in direct ex vivo assessments, elite controllers and viremic controllers had higher baseline proportions of activated HLA-DR + CD4 + T cells than did HIV-1-negative persons (P = 0.04 and P = 0.01, respectively), which indicates that reduced susceptibilities to viral infection in controllers were not related to lower baseline levels of CD4 + T cell immune activation. Moreover, no significant differences were observed among the surface expression of CD4 (P > 0.4), CCR5 (P > 0.36), or CXCR4 (P > 0.4), measured either directly ex vivo or after in vitro activation, between the different study cohorts, which suggests that coreceptor-mediated entry mechanisms were not responsible for altered susceptibilities to HIV-1 in these patient cohorts. Overall, these results demonstrate partial resistance of in vitro-stimulated CD4 + T cells from elite controllers to HIV-1 infection.
Inhibition of early viral replication steps in CD4 + T cells from elite controllers. To identify steps of the viral replication cycle that may be inhibited in CD4 + T cells from elite controllers, we subsequently conducted ex vivo infection experiments with a yellow fluorescence protein-encoding (YFP-encoding), VSV-G-pseudotyped HIV-1 vector that bypasses viral coreceptor-mediated entry steps and causes single cycles of HIV-1 infection without supporting production of new viral progeny during the viral postintegration phase. Using ex vivo activated or nonactivated CD4 + T cells, we observed that the proportion of YFP + CD4 + T cells from elite controllers and viremic controllers was significantly smaller than that of cells from HIV-1-uninfected persons and HIV-1 progressors (Figure 2, A and B) . This suggests that the reduced permissiveness of CD4 + T cells from elite controllers may be mediated during the early phase of the viral replication cycle.
To confirm this finding, we quantitatively assessed early viral replication steps after primary infection with the VSV-G-pseudotyped HIV-1 vector. These experiments revealed that levels of HIV-1 late reverse transcripts (LRTs), integrated HIV-1 DNA, and HIV-1 mRNA transcripts were diminished in activated CD4 + T cells from elite controllers and viremic controllers compared with corresponding cells from HIV-1-negative persons and HIV-1 progressors ( Figure 2C ). Similar observations were also made when CD4 + T cells isolated by negative selection were infected directly ex vivo without prior in vitro activation. Overall, these results are indicative of reduced efficacy of early viral replication steps in CD4 + T cells from elite controllers and viremic controllers.
Upregulation of p21 in CD4 + T cells from elite controllers. The reduced HIV-1 susceptibility in CD4 + T cells from elite controllers might be caused by specific host proteins that restrict HIV-1 replication steps; however, upregulation of classical host restriction factors - such as APOBEC3G, Trim5α, or Tetherin - in CD4 + T cells from elite controllers has not been demonstrated in prior work (15, 23) . More recently, the cyclin-dependent kinase inhibitor p21 has been shown to modulate HIV-1 reverse transcription and integration in macrophages and hematopoietic stem cells (19, 20) . To analyze whether p21 is involved in the reduced HIV-1 susceptibility of CD4 + T cells from elite controllers, we determined CDKN1A mRNA expression in CD4 + T cells by quantitative RT-PCR. To avoid biases from differential representation of HLA-DR + and HLA-DR -CD4 + T cells in elite controllers, HIV-1-negative persons, and HIV-1 progressors (22), we sorted HLA-DR + and HLA-DR -CD4 + T cells and assessed CDKN1A mRNA expression separately in these cell subsets.
As shown in Figure 3A , we observed a highly significant upregulation of CDKN1A mRNA in HLA-DR -CD4 + T cells from elite controllers compared with cells from HIV-1-negative persons and HIV-1 progressors. Expression of CDKN1A mRNA in HLA-DR -CD4 + T cells from viremic controllers was also increased, although differences compared with the reference cohorts were slightly less pronounced. A strong upregulation of CDKN1A mRNA expression was also seen in more activated, HLA-DR + CD4 + T cells from elite controllers, and to a lesser extent from viremic controllers; however, overall levels of CDKN1A mRNA expression were slightly smaller in these cells compared with HLA-DR -CD4 + T cells. Interestingly, a highly significant inverse correlation was found between CDKN1A mRNA expression levels in CD4 + T cells and susceptibility to HIV-1 infection, as determined by levels of p24 production after infection of ex vivo activated cells with an R5-tropic HIV-1 isolate ( Figure 3B ). Moreover, the elevated CDKN1A mRNA expression levels in CD4 + T cells from elite controllers and viremic controllers corresponded to increased p21 protein expression intensities, as determined by quantitative Western blot analysis ( Figure 3 , C and D).
We also observed that the levels of CDKN1A mRNA expression remained elevated in elite controllers after ex vivo stimulation using anti-CD3/CD8 bispecific antibodies and that CDKN1A mRNA and protein expression intensities in CD4 + T cells remained largely unaffected by short-term infection with HIV-1 (Supplemental Figure 2 ). There was no significant difference between CDKN1A mRNA expression intensities in elite and viremic controllers expressing HLA-B27 or HLA-B57 compared with those lacking protective MHC class I alleles (Supplemental Figure 3 ). Other members of the family of cyclin-dependent kinase inhibitors, such as p27 or p57, were not differentially expressed in CD4 + T cells from elite controllers and reference cohorts (Supplemental Figure 4) . Taken together, these data demonstrated that CD4 + T cells from elite controllers and viremic controllers expressed higher levels of p21 than did HIV-1-negative persons and HIV-1 progressors and that levels of p21 expression were inversely correlated to CD4 + T cell susceptibility to HIV-1 infection.
p21 reduces the susceptibility of CD4 + T cells to HIV-1 infection. To test whether the elevated p21 levels in CD4 + T cells from elite controllers functionally contribute to resistance to HIV-1 infection, we performed ex vivo infection assays of CD4 + T cells transfected with siRNA, inducing effective downregulation of p21 expression (Supplemental Figure 5 ), or with control siRNA that does not affect CDKN1A gene expression. Alternatively, a highly selective smallmolecule inhibitor of p21 (24) that leads to ubiquitin-mediated proteasomal degradation of p21, was used for pharmacological inhibition of p21 (Supplemental Figure 5) ; respective control cells were treated with the carrier DMSO only.
siRNA-mediated p21 inhibition in ex vivo activated CD4 + T cells resulted in a substantial increase of p24 levels measured in the supernatant after infection with X4- or R5-tropic In all these experiments, effects of p21 inhibition on viral replication were more pronounced in CD4 + T cells from elite controllers compared with cells from HIV-1-negative persons, consistent with higher expression levels of p21 in elite controllers.
Moreover, there was a positive correlation between baseline CDKN1A mRNA expression in CD4 + T cells and fold increase in HIV-1 replication after p21 inhibition ( Figure 4F ). To test whether p21 inhibition enhances susceptibility to HIV-1 infection by inducing higher levels of immune activation, we simultaneously assessed the activation phenotype of CD4 + T cells in our infection experiments by determining the surface expression of CD25, HLA-DR, and CD38. We found that all of the ex vivo activated cells demonstrated high expression of these markers, regardless of p21 inhibition (Supplemental Figure 6) , which suggests that, at least during in vitro culture with exogenous IL-2 and anti-CD3/ CD8 antibodies, p21 knockdown does not have a major effect on T cell activation. Using these specific culture conditions, we also did not observe any detectable effect of p21 inhibition on CD4 + T cell viability or proliferation, as determined by flow cytometric analysis after staining with a cell viability dye or CFSE (Supplemental Figure 6 ). Taken together, these data indicate that p21 inhibition in CD4 + T cells from elite controllers enhances HIV-1 replication without detectably affecting their activation or viability.
p21 independently inhibits HIV-1 reverse transcription and HIV-1 mRNA transcription from proviral DNA. To investigate how p21 interferes with viral replication steps in CD4 + T cells from elite controllers, we subsequently analyzed intra- and extrachromosomal HIV-1 DNA and viral mRNA in CD4 + T cells infected with X4- and R5-tropic viral isolates in the presence of p21 siRNA or control siRNA. As demonstrated in Figure 5 , A-C, we observed a significant augmentation of HIV-1 LRT transcripts, integrated HIV-1 DNA, and HIV-1 mRNA transcripts after silencing of p21. Notably, the strongest increase was seen for chromosomally integrated HIV-1 DNA, most likely as a result of the accumulation of these stable, long-lived forms of HIV-1 DNA during several HIV-1 replication cycles, as opposed to the more short-lived LRT and mRNA transcripts. p21 inhibition also resulted in marked increases of HIV-1 LRT transcripts, integrated HIV-1 DNA, and HIV-1 mRNA after infection with the single-cycle VSV-G-pseudotyped HIV-1 vector, in both in vitro activated and nonactivated CD4 + T cells. Importantly, using X4-tropic, R5-tropic, and VSV-G-pseudotyped HIV-1, the effects of p21 inhibition on these viral replication steps were most pronounced in CD4 + T cells from elite controllers, consistent with higher levels of p21 expression in cells from these patients.
Interestingly, we observed that the ratio of integrated HIV-1 DNA to reverse transcripts in activated CD4 + T cells did not significantly differ upon single-cycle infection of CD4 + T cells from HIV-1-negative persons and elite controllers, either in the absence (0.01 vs. 0.01, P = 0.62) or in the presence (0.01 vs. 0.01, P = 0.38) of p21 inhibition; this suggests that p21 does not affect HIV-1 integration independently of reverse transcription. In contrast, ratios of HIV-1 mRNA transcripts to LRTs and to integrated DNA levels were significantly different between HIV-1-negative persons and elite controllers (mRNA/LRT, 0.0054 vs. 0.0009, P = 0.01; mRNA/integrated DNA, 0.71 vs. 0.12, P = 0.04), but this difference was no longer observed after cells were exposed to the p21 inhibitor (mRNA/ LRT, 0.004 vs. 0.005, P = 0.79; mRNA/integrated DNA, 0.37 vs. 0.38, P = 0.93). This is consistent with an effect of p21 on viral mRNA expression that is independent of viral replication steps during the preintegration phase. To experimentally confirm this, we infected activated CD4 + T cells from elite controllers with the YFP-encoding VSV-Gpseudotyped HIV-1 vector and sorted YFP + CD4 + T cells after 36 hours, when HIV-1 reverse transcription and HIV-1 integration were largely completed in this single-cycle infection system. Addition of the pharmaceutical p21 inhibitor to these sorted cells for the subsequent 48 hours substantially increased HIV-1 mRNA transcription from integrated proviruses, while leaving HIV-1 reverse transcription and integration unaffected ( Figure 5D ). Overall, these data showed that p21 can independently inhibit multiple steps in the HIV-1 replication cycle, including reverse transcription and viral mRNA transcription.
p21 inhibits CDK9 and transcriptional elongation of HIV-1 mRNA in CD4 + T cells from elite controllers. To further explore mechanisms of p21-mediated inhibition of HIV-1 replication in CD4 + T cells, we focused on how the cyclin-dependent kinase inhibitor p21 can block HIV-1 replication by interfering with cyclindependent kinase 9 (CDK9), which represents the active enzymatic component of positive transcription elongation factor b (p-TEFb; ref. 25 ). This host protein complex can phosphorylate the C-terminal domain (CTD) of human RNA polymerase II, which is required for effective elongation of primary HIV-1 mRNA transcripts (26, 27) . To investigate whether p21 can interact with CDK9 in CD4 + T cells, we performed coimmunoprecipitation experiments and kinase assays using protein extracts from primary CD4 + T cells from elite controllers. As shown in Figure  6A , we observed that p21 coprecipitated with CDK9 and, to a lesser degree, with cyclin T, the 2 major components of p-TEFb. Moreover, we found that CDK9 isolated from siRNA-treated, p21-deficient CD4 + T cells had a stronger ability to phosphorylate the CTD of polymerase II, as opposed to CDK9 isolated from p21-proficient CD4 + T cells treated with control siRNA ( Figure 6B) ; this is consistent with an inhibitory effect of p21 on the enzymatic activity of CDK9.
To further analyze whether p21-mediated inhibition of CDK9 affects transcriptional elongation of primary HIV-1 mRNA transcripts, we compared the expression of HIV-1 mRNA transcripts located proximal or distal to the transcription initiation site in p21-deficient and -proficient CD4 + T cells, as described in a previous study (28) . These experiments indicated that p21 inhibition caused approximately 2-fold increases in the expression of proximal HIV-1 mRNA transcripts, whereas a significantly more pronounced augmentation was observed for the expression of distal HIV-1 mRNA transcripts ( Figure 6C) ; this suggests that p21 affects HIV-1 mRNA transcriptional elongation more strongly than does transcriptional initiation, consistent with an indirect antiretroviral effect of p21 that is mediated through blockade of CDK9/p-TEFb (27) . Overall, these results indicate that p21 can reduce HIV-1 mRNA transcription through inhibition of CDK9, the enzymatic component of p-TEFb.
Discussion
Elite controllers represent a model for successful immune activity against HIV-1, and a widespread consensus has emerged that the identification of specific host defense mechanisms in these patients may provide critical information for the design of HIV-1 vaccines and for the development of clinical strategies to induce a functional cure of this disease. Here, we shed light on these mechanisms by demonstrating that p21, a cyclin-dependent kinase inhibitor that has previously been recognized mainly for its role as a tumor suppressor (29) , was strongly upregulated in CD4 + T cells from elite controllers and reduced the susceptibility of these cells to HIV-1 by inhibiting viral reverse transcription and mRNA transcription. Moreover, we showed that the antiretroviral effects of p21 on HIV-1 mRNA transcription were, at least in part, indirectly mediated by the ability of p21 to inhibit the enzymatic activity of CDK9, a host protein essential for proper elongation of HIV-1 mRNA (27) . Overall, these results suggest that p21 represents a previously unrecognized, CD4 + T cellintrinsic HIV-1 immune defense mechanism that contributes to the ability of elite controllers to maintain undetectable VLs and resist HIV-1-associated disease manifestations.
To our knowledge, the studies presented here are the first to show that a specific host protein is directly involved in reducing the susceptibility of CD4 + T cells to HIV-1 in vivo in elite controllers. Whether upregulation of p21 expression in T cells is a constitutive characteristic of elite controllers or evolves as part of a specific immune response to HIV-1 infection in these patients is currently unclear, but studies involving genetic relatives of elite controllers and preinfection analysis of HIV-1 patients who develop an elite controller phenotype will be important in this context. Furthermore, it is noteworthy that the CDKN1A gene is located on chromosome 6 in relative proximity to MHC class I genes, some of which are significantly associated with the elite controller phenotype (10, 30) . Although we did not observe any relationship between p21 expression intensity in CD4 + T cells and protective HLA alleles, such as HLA-B57 and HLA-B27, it remains to be determined in larger studies whether MHC class I gene polymorphisms associated with better HIV-1 disease outcomes are linked to specific mutations in the CDKN1A gene (31, 32) that may affect its expression. Moreover, the transcription factor Foxo3A, which may be involved in the regulation of CDKN1A gene expression, is uniquely expressed in CD4 + T cells from elite controllers (33), and it will be important to analyze whether it participates in the epigenetic control of high-level p21 expression in such cells.
The ability of p21 to modulate the susceptibility of human cells to HIV-1 infection by interfering with individual viral replication steps is increasingly being recognized. In hematopoietic stem cells, p21 was shown to selectively inhibit HIV-1 integration, while leaving reverse transcription unaffected (20) ; this might represent a stem cell-specific mode of protection against HIV-1 infection (34). In macrophages, p21 can reduce the efficacy of reverse transcription and integration (19) , and prior studies in lymphocytic cell lines suggested that pharmaceutical cyclin-dependent kinase inhibitors can suppress HIV-1 gene expression from proviral HIV-1 DNA (35) . Our data in activated primary CD4 + T cells suggest that p21 can independently inhibit HIV-1 reverse transcription and mRNA transcription; an independent effect on HIV-1 integration was less evident, given that ratios between LRT transcripts and integrated HIV-1 copy levels were almost identical between elite controllers and HIV-1-negative persons and were unaffected by p21 inhibition. Overall, these data suggest that p21 can affect multiple early viral replication steps and that the specific influence of p21 on the fate of viral transcripts critically depends on the infected cell type.
As a molecular mechanism underlying the ability of p21 to inhibit viral replication, we show here that p21 blocked the enzymatic activity of CDK9 and its known function to enhance transcriptional elongation of HIV-1 mRNA transcripts through phosphorylation of RNA polymerase II (27, 36) . This suggests that p21 affects HIV-1 mRNA transcription by a targeted blockade of a host protein that is essential for effective HIV-1 gene expression. A similar inhibitory effect on CDK9 was recently demonstrated for p57, a cyclin-dependent kinase inhibitor closely related to p21 (37); however, p57 expression in CD4 + T cells did not differ significantly between elite controllers and HIV-1-negative persons and is therefore unlikely to contribute substantially to restriction of HIV-1 infection in elite controllers. It is also important to recognize that pharmaceutical inhibitors of cyclin-dependent kinases can potently suppress HIV-1 replication in vitro by mechanisms that involve CDK9 inhibition (17) . The ability of p21 to block the host protein CDK9, instead of interfering directly with viral replication enzymes, may also explain why HIV-1 does not appear to be capable to escape from p21-mediated restriction of HIV-1 replication in a similar manner as it evades alternative host restriction factors. In line with this, no selection of viral escape variants by pharmaceutical cyclin-dependent kinase inhibitors was observed, even when generation of viral escape variants was aggressively attempted by long-term viral cultures in the presence of cyclin-dependent kinase inhibitor monotherapy in suboptimal concentrations (35) .
An unresolved issue here is how p21 can affect HIV-1 reverse transcription during the viral preintegration phase. It is possible that p21 indirectly affects reverse transcription through interactions with host proteins that activate different steps of the reverse transcription process, although to our knowledge no such interactions have been documented in prior work. Alternatively, p21 may influence reverse transcription by nonspecifically altering the activation status of the cells. Indeed, p21 has been shown to play a role in regulating activation and proliferation of T lymphocytes in vivo (38) . Although we were unable to detect a direct effect of p21 inhibition on CD4 + T cell activation in our short-term culture system of ex vivo activated CD4 + T cells, our experiments do not exclude the possibility that such unspecific effects on cellular physiology may indirectly affect the susceptibility of CD4 + T cells to HIV-1.
Increasing evidence suggests that control of HIV-1 infection in elite controllers is likely to involve multiple different components of the immune system. For instance, a series of prior studies has emphasized the strong cytolytic properties of HIV-1-specific CD8 + T cells in elite controllers (3) , which at least in in vitro assays are capable of effectively restricting HIV-1 replication (7). Furthermore, T cells from elite controllers also appear to have unique abilities to proliferate and survive, which may be mediated by a distinct phosphorylation profile of the transcription factor Foxo3a (33). More recently, specific functional properties of myeloid dendritic cells in elite controllers were identified, which were mediated and maintained by a selective expression of immunomodulatory receptors from the leukocyte immunoglobulin-like receptor group (39) . It is possible that these different mechanisms all synergize in providing effective HIV-1 immune defense in elite controllers and that, for example, a highly functional CD8 + T cell response against HIV-1 may only develop in the setting of a CD4 + T cell compartment that is less capable of supporting highly replicative HIV-1 infection. Overall, our finding of a cell-intrinsic restriction of HIV-1 replication in CD4 + T cells by upregulation of p21 adds what we believe to be a previously unrecognized component to the understanding of mechanisms contributing to undetectable viremia in elite controllers and might be helpful for future clinical approaches to enhance host resistance to HIV-1 infection.
Methods
Patients. PBMC samples from HIV-infected individuals and HIV-1-negative
persons were used for this study, according to a protocol approved by the Institutional Review Board of Massachusetts General Hospital. All study participants gave written informed consent to participate.
HIV-1 viruses and constructs. The CXCR4-utilizing primary isolate 92HT599
and the primary CCR5-utilizing HIV-1 strain 91US056 were obtained from the AIDS Research and Reagent Program at the NIH. The Δenv HIV-1 plasmid encoding YFP was derived from the NL4-3 molecular clone (accession no. M19921) and described previously (40, 41) . GFP-encoding X4-tropic NL4-3 and R5-tropic Ba-L HIV-1 viruses, as described previously (42), were provided by N. Manel and D. Littman (New York University, New York, New York, USA). Viral particles were produced by transfecting 293T cells with the respective HIV-1 plasmids and, if applicable, with pCG-VSV-G, using TransIT-293 (Mirus) in OptiMEM per the manufacturer's instructions. Supernatants containing infectious retroviruses were harvested 48 hours after transfection, centrifuged, treated with DNase I (20 U/ml) at room temperature for 1 hour, and stored at -80°C.
Ex vivo infection assays. CD4 + T cells were stimulated in RPMI medium supplemented with 10% fetal calf serum, recombinant IL-2 (50 U/ml), and an anti-CD3/CD8 bispecific antibody (0.5 μg/ml; ref. 21). After 5 days in culture, a homogenous population of activated HLA-DR + CD4 + CD3 + T cells with an effector-memory CCR7 -CD45RA -phenotype (97.5%) was detected by flow cytometry; the proportion of CD3 + CD8 + cytotoxic T cells was less than 0.1%. Cells were infected on day 5 with the designated HIV-1 isolates at the indicated MOIs for 4 hours at 37°C. After 2 washes, cells were resuspended in medium and plated at 5 × 10 5 cells/well in a 24-well plate. At regular intervals, the cultures were fed by removing and replacing one-half of the culture supernatant with fresh medium. The removed supernatant was cryopreserved for later p24 antigen quantification by ELISA (Dupont); control p24 levels from autologous cells without exogenous viral infection were subtracted from sample p24 levels. Moreover, CD4 + T cells were subjected to flow cytometric analysis of GFP + CD4 + T cells 96 hours after infection with GFPencoding X4- or R5-tropic isolates.
In addition to X4- and R5-tropic HIV-1 isolates, activated cells were infected with a VSV-G-pseudotyped HIV-1 vector at a tissue culture infective dose (TCID50) of 1,000 for 2 hours, washed, plated in 24-well plates, harvested after 48 hours of incubation, and processed for flow cytometric analysis of YFP expression. For infection of nonactivated cells, negatively isolated CD4 + T cells with purity greater than 98% of all viable lymphocytes were directly infected with HIV-1 vectors at a TCID50 of 5,000; after cultivation on 24-well plates without exogenous IL-2, cells were analyzed after 96 hours by flow cytometric assessment of YFP expression. When indicated, the p21 inhibitor no. 15 (diluted in DMSO; ref. 24 ) was added at a concentration of 2 μM 48 hours prior to infection; control samples were treated with DMSO alone.
siRNA-mediated gene knockout. CD4 + T cells were nucleofected using the Nucleofector device according to the manufacturer's protocol (Lonza). Briefly, CD4 + T cells were suspended in 100 μl transfection solution (Lonza), and p21-specific or control siRNA (Dharmacon) was added at a concentration of 4 nmol/ml. Samples were then transferred into nucleofection cuvettes and transfected using program T-023. Next, cells were resuspended in culture medium supplemented with 20% fetal calf serum; IL-2 (50 U/ml) was added 2 hours after transfection. 24 hours after infection, expression of p21 was assessed using quantitative RT-PCR and Western blots, and cells were infected with indicated HIV-1 strains.
p21 expression assay. CDKN1A mRNA expression was analyzed by quantitative RT-PCR using the standard Taqman expression assay with primers and probes synthesized by the instrument manufacturer (Applied Biosystems). Actb (encoding β-actin) was used as a housekeeping gene. For analysis of p21 protein expression, whole protein was extracted from sorted T cells using the Protein and RNA Isolation System (PARIS; Ambion). Following denaturation at 95°C for 10 minutes, samples were resolved on NuPAGE Bis-Tris 10% gels (Invitrogen) and electroblotted. Blots were then hybridized with biotinylated monoclonal antibodies against p21 (clone 187; Santa Cruz Biotechnology) and visualized with a streptavidin-HRP conjugate, followed by ECL detection (Amersham Biosciences) and quantification using a LumiImager. Control hybridizations were performed with a β-actin-specific antibody.
Immunoprecipitation experiments. CD4 + T cells were suspended in lysis buffer containing 10 mM Tris-HCl, pH 7.4; 100 mM NaCl; 1 mM EDTA; 1 mM EGTA; 1 mM NaF; 20 mM Na3P2O7; 1 mM Na3VO4; 1% Triton X-100; 10% glycerol; 0.1% SDS; 0.5% deoxycholate supplemented with protease inhibitors (containing 4-[2-aminoethyl]benzenesulfonyl fluoride [AEBSF], E-64, bestatin, leupeptin, and aprotinin); and 1 mM phenylmethylsulfonyl fluoride for 2 hours on ice. Equal amounts of cell lysates were incubated with 2 μg of anti-CDK9 antibody (Thermo Scientific), anti-cyclin T1 antibody (Abcam), or rabbit IgG (Santa Cruz Biotechnology) for 2 hours at 4°C. 15 μl of protein A magnetic beads (New England Biolabs) were washed with cell lysis buffer and subsequently incubated with the cell lysates for 1 hour at 4°C. Subsequently, beads were washed 4 times with PBS plus 0.25% Tween. Proteins bound to the beads were dissolved in loading buffer, boiled, and subjected to SDS-PAGE followed by Western blotting using antibodies against p21 (Santa Cruz Biotechnology).
In vitro kinase assay. CD4 + T cell extracts were prepared in cell lysis buffer as described above. Cleared supernatants were immunoprecipitated with anti-CDK9 antibody (Cell Signaling Technology) and protein A beads. The beads were sequentially washed with lysis buffer, lysis buffer plus 0.5 M LiCl, and kinase buffer (20 mM HEPES, pH 7.5; 50 mM NaCl; 10 mM MgCl2; and 1 mM dithiothreitol). The immunoprecipitate was resuspended in 25 μl kinase buffer containing 5 mM ATP and 0.5 μg purified GST-CTD polymerase II substrate (37) . The kinase reaction was conducted at 30°C for 20 minutes and stopped by addition of SDS-PAGE loading buffer. Proteins were separated on SDS-PAGE and transferred to nitrocellulose. The phosphorylation of GST-CTD was determined by RNA polymerase II Ser2 phosphorylation-specific antibodies (Bethyl Laboratories).
Cell sorting and flow cytometry. PBMCs were stained with a viability dye and indicated monoclonal antibodies for 20 minutes. After 2 washes, viable cells were live-sorted on a FACS Aria cell sorter (BD Biosciences) at 70 pounds per square inch. Live sorting was carried out in an appropriate and specifically designated biosafety cabinet (Baker Hood) according to a NIH-approved protocol. For phenotypic characterization of CD4 + T cells, cells were stained with viability dye and antibodies directed against CD4, HLA-DR, CD25, CD38, CCR5, CXCR4, CCR7, and/or CD45RA, as indicated. After 20 minutes, cells were washed, fixed in paraformaldehyde, and acquired on a LSRII flow cytometer (BD). Data were analyzed using FlowJo software.
Detection of HIV-1 DNA. For detection of HIV-1 LRTs, cell lysates were harvested 18 hours after infection of activated cells with VSV-G-pseudotyped HIV-1 and 48 hours after infection of activated cells with X4- or R5-tropic HIV-1 or infection of nonactivated cells. Amplification was performed with primers MH531 and MH532 and probe LRT-P, as previously described (43) . Cell lysates collected 48 hours (VSV-G-pseudotyped activated CD4 + T cells) or 96 hours (activated cells infected with X4- or R5-tropic HIV-1 or nonactivated cells infected with VSV-G-pseudotyped virus) were used for detection of integrated HIV-1 DNA, using nested PCR with Alu-1/Alu-2 primers and HIV-1 LTR primer L-M667 for the first-round PCR and LTR primer AA55M, Lambda T primers, and MH603 probe for the second-round quantitative PCR (43) (44) (45) . Primers (CCR5 forward, 5′-GCTGTGTTTGCGTCTCTCCCAGGA-3′; CCR5 reverse, 5′-CTCA-CAGCCCTGTGCCTCTTCTTC-3′) and probe (5′-FAM-AGCAGCGGCAG-GACCAGCCCCAAG-TAMRA-3′) amplifying CCR5 as a housekeeping gene were used for the quantification of input cell numbers. Serial dilutions of DNA from cell lysates of the HIV-1-infected cell line 293T (provided by F. Bushman, University of Pennsylvania, Philadelphia, Pennsylvania, USA) were used for reference purposes.
HIV-1 mRNA analysis. mRNA extracted 48 hours (activated cells infected with VSV-G-pseudotyped virus) or 96 hours (activated cells infected with X4- or R5-tropic HIV-1 or nonactivated cells infected with VSV-G-pseudotyped virus) after infection was reverse transcribed according to standard protocols. HIV-1 cDNA was amplified using SYBR Green-based quantitative PCR with forward primer 5-GTAATACCCATGTTTTCAGCATTATC-3 and reverse primer 5-TCTGGCCTGGTGCAATAGG-3 (bp 836-1,015 from transcription initiation site). A proximal HIV-1 mRNA fragment located adjacent to the transcription initiation site (bp 29-180) was amplified with forward primer 5-TGGGAGCTCTCTGGCTAACT-3 and reverse primer 5-TGCTAGAGATTTTCCACACTGA-3. A more distal HIV-1 mRNA fragment was amplified using forward primer 5-GAGAACTCAAGATTTCT-GGGAAG-3 and reverse primer 5-AAAATATCGATCGCCCACAT-3 (bp 2,341-2,433 from transcription initiation site). Data were normalized to the housekeeping gene Actb.
Statistics. Data are summarized as means and SD or using box and whisker plots (indicating the median, interquartile range, and minimum and maximum values). Pearson's correlation coefficient was calculated to analyze correlations. Differences between nominal data were tested for statistical significance by 2-tailed Student's t test, MannWhitney U test, or paired Wilcoxon test as appropriate. A P value less than 0.05 was considered significant.
